Abstract. Ca 2ϩ currents are thought to enhance glutamate excitotoxicity. To investigate whether reduced expression of the Ca 2ϩ limiting GluR2(B) subunit enhances seizure-induced vulnerability to either CA1 or CA3 neurons, we delivered GluR2(B) oligodeoxynucleotides (AS-ODNs) to the dorsal hippocampus of adult rats before inducing kainate (KA) seizures. After knockdown, no changes in behavior, electrographic activity, or histology were observed. In contrast, GluR2(B) knockdown and KA-induced status epilepticus produced accelerated histological injury to the ipsilateral CA3a-b and hilar subregions. At 8 to 12 h, the CA3a was preferentially labeled by both silver and TUNEL methods. TUNEL staining revealed 2 types of nuclei. They were round with uniform label, features of necrosis, or had DNA clumping or speckled chromatin deposits within surrounding cytosol, features of apoptosis. At 16 to 24 h, many CA3a-c neurons were shrunken, eosinophilic, argyrophilic, or completely absent. Immunohistochemistry revealed marked decreases in GluR2(B) subunits throughout the hippocampus, NR1 immunoreactivity was also reduced but to a lesser extent. In contrast, GluR1 and NR2A/B immunohistochemistry was relatively uniform except in regions of cell loss or within close proximity to the CA1 infusion site. At 144 h, the CA3 was still preferentially injured although bilateral CA1 injury was also observed in some AS-ODN-, S-ODN-, and KA-only-treated animals. Glutamate receptor antibodies revealed generalized decreases in the CA3 with all probes tested at this delayed time. In contrast, GluR2(B) expression was increased within CA1 irregularly shaped, injured neurons. Therefore, hippocampal deprivation of GluR2(B) subunits is insufficient to induce cell death in mature animals but may accelerate the already known CA3/hilar lesion, possibly by triggering apoptosis within CA3 neurons. CA1 and DG survive the first week despite their loss of GluR2(B) subunits, suggesting that other intrinsic properties such as increased Na ϩ conductance and reduced ability of the GluR2(B) subunit to interact with certain cytoplasmic proteins may be responsible for the augmented cell death rather than changes in AMPA receptor-mediated Ca 2ϩ permeability. Alternatively, changes in allosteric interactions that affect other receptor classes of high density at the mossy fiber synapse (e.g. KA receptors) may augment KA neurotoxicity. Latent GluR2(B) increases in CA1 injured neurons support a role for AMPA receptor subunit alterations in seizure-induced tolerance.
INTRODUCTION
It is known that increases in intracellular concentrations of Ca 2ϩ activate or suppress cell death genes involved in delayed neurodegeneration (1) (2) (3) . AMPA (␣-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid)-type glutamate receptors exist as Ca 2ϩ -permeable and Ca 2ϩ -impermeable channels. Receptors lacking GluR2(B) subunits are Ca 2ϩ permeable (4) (5) (6) (7) (8) . Therefore, a reduction in GluR2(B) subunit expression was proposed to enhance glutamate excitotoxicity within a given population of cells due to rises in cytosolic Ca 2ϩ mediated through AMPA receptor homomeric or heteromeric assemblies (e.g. GluR1(A), GluR3(C), or GluR4(D) (the GluR2(B) hypothesis) (9) (10) (11) . The hypothesis was supported in adult rats because kainate (KA)-induced status epilepticus resulted in pronounced decreases in the expression of GluR2(B) mRNA (10, 12) and protein (13, 14) in the hippocampal CA3 but prior to significant cell loss. On the other hand, less selective changes have been reported after KA-or pilocarpine-induced status epilepticus such as GluR1(A) mRNA is also reduced in vulnerable regions (15) . In global ischemia models, generalized downregulation of all AMPA subunits in CA1 were also reported prior to cell loss (16) (17) (18) (19) . Thus, a ''switch'' in subunit composition may not actually occur in vulnerable cells in either seizure or ischemia models.
Seizures induced by KA in development supported a role for AMPA receptor-mediated Ca 2ϩ influx in cell death because a single episode of status epilepticus induced by KA did not result in significant changes in GluR2(B) mRNA and protein expression at 24 hours (h) after seizures in 15-day-old rats (11) . At this age, rat pups undergo severe seizures elicited by KA or pilocarpine, but they are relatively resistant to hippocampal lesions and synaptic reorganization (21) (22) (23) (24) . In keeping with this, several days of hippocampal knockdown of the GluR2(B) but not GluR1(A) subunit results in electrographic paroxysmal activity and premature but selective CA3 neurodegeneration in P17-18 rat pups during this period of high seizure susceptibility (25, 26) . Similarly, GluR2(B) editing-deficient phenotypes develop postnatal seizures and selective CA3a-b neurodegeneration at a similar age (P18-20) (27, 28) . This period also coincides with the time constituent GluR1(A) and GluR2(B) mRNA levels
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J Neuropathol Exp Neurol, Vol 62, July, 2003 peak in postnatal development (29) (30) (31) . Therefore, rises in AMPA receptor-mediated Ca 2ϩ permeability were implicated in premature pathology of the CA3. On the other hand, genetic studies also showed that the neo/neo genotype of the GluR2(B) editing-deficient mutants had the highest Ca 2ϩ AMPA receptor-mediated permeability, but they did not exhibit seizures or neurodegeneration, suggesting other mechanisms cause the selective cell death (28) .
KA given intraperitoneally in rodents leads to varied seizure severity response, which depends upon the animal species and strain injected (32, 33) . Either CA1 or CA3 neurons are vulnerable (13, 14, 34, 35) . However, the CA3 damage occurs more rapidly within 16 to 48 h and is thought to result from the excessive neuronal activity (13, (36) (37) (38) and increased O 2 supply (39) . In contrast, the CA1 damage is more delayed, appearing after several days or weeks. This damage was proposed to ensue from generalized secondary effects produced by loss of O 2 supply by either hypoxia (39, 40) , ischemia (41, 42) , edema (43) , or hypercapnia (39) . Since there are strain and species differences in CA1 vs CA3 vulnerability, multiple mechanisms underlying their demise likely exist. The aim of this study was to examine the acute time course of neuronal damage prior to typical cell loss, in order to determine whether a transient reduction of GluR2(B) subunit expression throughout the hippocampus in the adult brain would make all hippocampal neurons similarly vulnerable after status epilepticus.
MATERIALS AND METHODS

Intracranial ODN Administration and EEG Recordings
In order to study the effects of GluR2(B) AS-ODNs (Sigma Genosys, Aldrich, St. Louis, MO) on KA seizure-induced hippocampal neuronal vulnerability, phosphorothiolated 21-mers, previously selected in our laboratory for study in young rats (25) , were used to shift the GluR1(A)/GluR2(B) ratio by decreasing the hippocampal synthesis of the GluR2(B) subunit in adult rats. All experiments on animals have adhered to the standards of the National Guide for the Care and Use of Laboratory Animals. Prior to surgery, Sprague-Dawley male albino rats (175-250 g) were anesthetized i.p. with a mixture of 70 mg/kg ketamine and 6 mg/kg of xylazine. Cannula/bipolar electrode assemblies (Plastics One. Inc., Roanoke, VA) to administer ODNs and obtain ipsilateral hippocampal EEG recordings were stereotaxically implanted into the right hippocampus (CA3c/ hilar subregion). Coordinates in mm with respect to bregma at an angle of 0Њ were AP: Ϫ3.5; L: 2.6; D: Ϫ3.0; incisor bar at Ϫ3.5 (25) . Intrahippocampal infusions were initiated 24 h after surgery. A 0.25-l volume was delivered with a mini pump and a Hamilton syringe at a rate of 0.25 l/2 min to control the spread of the ODNs. Experimental animals received either of 2 doses of the of GluR2(B) AS-ODNs (0.5 or 5 nmol in PBS buffer, pH 7.4) 6 times, twice daily (9:00-10:00 AM and 5:00-6:00 PM) for the first 2 days, then once daily for the following 2 days. Control animals received equal volumes of PBS buffer, sense (S)-ODNs, or missense (MS)-ODNs. We previously demonstrated that spread of the GluR2(B) AS-ODN detected by 5Ј prime end radiolabeling at younger ages was from the anterior medial septum to the posterior region of the dorsal hippocampus (2.4-2.8 mm 3 ) and did not spread to other brain areas (26) . Similarly, uniform decreases in GluR2(B) immunoreactivity within the ipsilateral hippocampus herein, reflected a similar spread (see Results). EEG recordings were obtained daily with DataWave software (Longmont, CO) to allow correlation between brain activity and behavior.
KA and AMPA/KA Receptor Antagonist Administration
Control and antisense infused rats were injected intraperitoneally with KA (15 mg/kg) to induce status epilepticus. Phosphate buffered saline (PBS) was injected as control vehicle. Behavioral onset of status epilepticus occurred 45 to 60 min after the KA injection. Seizures were monitored for 4 to 6 h and control and GluR2(B)-AS-treated rats were matched according to their severity with behavioral and EEG measurements. After GluR2(B) knockdown and KA injection, experimental rats were killed at 8 h (n ϭ 4), 12 h (n ϭ 11), 16 h (n ϭ 9), 24 h (n ϭ 6), and 144 h (n ϭ 4). These were compared with control infused sense 8 h (n ϭ 2), 12 h (n ϭ 8), 16 h (n ϭ 6), 24 h (n ϭ 5), missense 16 h (n ϭ 3), 24 h (n ϭ 2), 144 h (n ϭ 5), and buffer-treated animals plus KA (16 h, n ϭ 3) or with KA-only rats killed at the same time points (12 h (n ϭ 3), 16 h (n ϭ 6), 24 h (n ϭ 6), 48 h (n ϭ 5), and 144 h (n ϭ 4)). In addition, 5 animals pretreated with the GluR2(B) AS-ODNs were injected with NBQX (20 mg/kg) (Tocris Cookson Inc., Ellisville, MO) into the tail vein 1.5 h after onset to KA status epilepticus and then killed at 16 h.
Histological Staining Procedures
Nissl, chromatin, and silver stains (Sigma, Aldrich) were used to assess damage after seizures and knockdown in all animals. Control and experimental animals were matched according to their seizure severity score. To obtain fixed tissue for histological staining, animals were given an overdose of pentobarbital followed by transcardiac perfusion with 4% paraformaldehyde (PFA) in PBS at 8, 12, 16, 24 , and 48 h after the GluR2(B) antisense treatment and KA administration. Frozen sections were cut from a separate group of animals that had been killed by decapitation or from animals that died suddenly from the seizure and then alternately stained with thionin and hematoxylin and eosin. Fixed and fresh frozen brains were blocked and sectioned through the entire hippocampus with a vibratome (40-50 m) or cryostat (20-30 m), respectively. Alternating fixed coronal sections used for immunohistochemistry and silver impregnation studies were kept in sequence and every fourth section was mounted onto gelatinized slides for Nissl (thionin) and chromatin (hematoxylin and eosin) staining. The anatomy of brain Nissl, silver, and immunohistochemistry stained sections were assessed using the Paxinos and Watson atlas (44) .
Degenerating argyrophilic neurons by silver impregnation were monitored throughout the hippocampus as described (45) . Following transcardial perfusion and removal of brain tissue, hippocampal blocks were placed in fixative overnight. Vibratome sections (40-50 m thick) were washed in water 3 times Fig. 1 . Ipsilateral acceleration and augmentation of CA3 neurons after intrahippocampal GluR2(B) knockdown at early times following KA-induced status epilepticus at ϫ40 and ϫ200 magnifications. A: S-ODN ϩ KA at 8 h shows minimal silver staining of the ipsilateral CA3 subregion. B: AS-ODN ϩ KA at 8 h shows preferential silver labeling of the ipsilateral CA3a subregion. The contralateral hippocampus is unlabeled. C, D: At 12 or 16 h after AS-ODN ϩ KA, silver impregnation labeling of the CA3a-b areas was markedly enhanced (large black arrows) relative to the contralateral hemisphere (small white arrows).
for 5 min each, and then pretreated with 2% NaOH and 2.5% NH 4 OH. Sections were then incubated with silver impregnation solution (0.8% NaOH, 2.5% NH 4 OH and 0.5% AgNO 3 ) for 10 min. After washing, sections were developed in a silicotungstate developer. Sections were mounted onto slides then washed in 0.5% acetic acid, dehydrated in graded ethanols, and coverslipped.
TUNEL Technique
In situ labeling of DNA fragmentation was carried out in a separate group of animals at 12 and 144 h after knockdown and KA and in sense controls as described (46) . All TUNEL reagents were purchased from Oncogene Research Products (Boston, MA). Rats were perfused with 4% PFA at 12 and 144 h after KA status epilepticus to capture early and late features of dying cells. Brains were postfixed for 12 h. Sections were cut at 30 m in a vibratome, mounted onto poly-L-lysine-coated slides, and heat-dried. After rehydration, sections were digested with proteinase K (20 g/ml for 15 min at room temperature 
Cell Counting and Lesion Extent Analysis
Quantification of stereological methods was carried out for each animal as described (47) . Cell counts were averaged from areas of the CA3 (0.18 mm 2 ) by using a grid reticule with a ϫ10 lens at the early time points 8 to 12 h before animals exhibit cell loss. CA3 subdivisions were defined by using imaginary lines as described (48) . Numbers were normalized to the contralateral side for control and experimental groups and ratios and percentages were calculated for each area. CA1 silver-labeled neurons distant from the infusion were rarely seen at the acute time points examined but were also counted and included in the analysis. Control rats, without microinfusion, were treated with KA and killed at 16, 24, 48 , and 144 h and assessed for CA1, CA3, or DG damage. In addition, the number of silver-stained neurons within these hippocampal regions (per mm of tissue that was distant from the infusion site) was also assessed by manual counting under a Nikon microscope by an investigator naï ve to the experimental condition. Due to infusion artifacts in the CA1, darkened cells around the infusion site were not counted but this area was measured and included in the lesion analysis. Lesion extent of individual sections and total lesion volume of the dorsal hippocampus were calculated at the advanced time points (16-48 h) from fixed Nissl stain, silver impregnation, and immunohistochemistry mounted sections. Lesions were defined as lack of thionin stain, increased silver deposits, or loss of immunoreactivity, respectively. Two sections from 6 hippocampal levels (from bregma Ϫ2.8, Ϫ3.0, Ϫ3.2, Ϫ3.5, Ϫ3.8, Ϫ4.2 mm) from all animals were imaged with a digital spot camera that was attached to a G3 Macintosh computer. The length of the damaged area was measured in mm with a ruler tool of NIH image software and a stage micrometer (Structure Probe, West Chester, PA). If lesions were discontinuous along the CA3a-c subregions, then each area was measured and averaged at several levels to give a total lesion volume for that animal. The total length of lesion was calculated by adding the lesion values within the same section and then averaging them with values taken from other anterior and posterior hippocampal levels. Percentage of total damage of the ipsilateral hippocampus was calculated for control and experimental groups at each time point and compared with the contralateral hippocampus.
In Situ Hybridization of AMPA Receptor mRNAs
In situ hybridization was used to determine whether the GluR1(A)/GluR2(B) receptor mRNA ratio remained constant in response to the AS-ODN infusion as in rat pups (26) . Experimental procedures (labeling of RNA probes, prehybridization, and hybridization steps) were performed as previously described (10, 13 (10 6 cpm/section, 1 ng/l). Sections then underwent a series of washes at 50ЊC and were treated with RNase A (20 g/ml), followed by dehydration in graded ethanols. Air-dried slides were apposed (24-72 h) to Kodak XAR-5 film then dipped in Kodak emulsion and developed after 2 weeks. Labeling was carried out on brain sections from sense control (n ϭ 3) and AS ϩ KA injected (16 h, n ϭ 5) animals. Signal specificity was assessed by competition experiments as described (10) . GluR1, GluR2, and GluR3 are ''pan'' probes in that they label both ''flip'' and ''flop'' splice variants (49) . Stringency conditions were high enough to rule out cross-hybridization among AMPA subunits and more distantly related glutamate receptor subunits (e.g. GluR5, GluR6, or GluR7).
Quantitative mRNA Analysis
To estimate the amount of GluR1(A) and GluR2(B) mRNA expressed after GluR2(B) hippocampal knockdown and KA status epilepticus, quantification of in situ hybridization was carried out from film autoradiographs with NIH image software and a G3 Macintosh computer. Gray scale values were read from CA1, CA3 spared and unspared regions, and DG, from both ipsilateral and contralateral hippocampi from a minimum of 3 consecutive sections. Optical density measurements were calibrated to a standard 35 S curve. Mean gray scale values were then averaged and background of the corpus collasum was subtracted. Percent change of mRNA levels in unspared areas of the CA3 was calculated relative to the spared CA3 within the same hippocampus and also compared with the contralateral hemisphere and sense controls within the same film. Values from spared regions after knockdown from sense animals and the contralateral hemisphere were similar and thus averaged and expressed as grand means (Ϯ SEM) from the 3 to 5 rats. Mean optical density readings were statistically analyzed by the Student paired t-test within films.
Electrophoresis and Western Immunoblotting
Preparation of Rat Brain Membrane Protein Fractions: Because the GluR2(B) knockdown results in a relatively uniform decrease in protein throughout the ipsilateral hippocampus detected in vibratome immunocytochemistry sections, whole slice preparations were used to quantify this decrease in the Western blots, as described (13) . Brains were immediately removed, placed in ice-cold Ringer solution in mM (NaCl 120, KCl 1.5, MgSO 4 protease inhibitor mixture (300 M AEBSF, 10 g/ml leupeptin). Tissues were homogenized with a Teflon pestle, and spun at 1,000 ϫ g for 15 min to remove cellular debris. The homogenates were spun by ultracentrifugation (100,000 ϫ g for 1 h). To solubilize membranes, pellets were rehomogenized in 200 l of homogenization buffer supplemented with 1% Triton-X 100 and incubated 1 h at 4ЊC. After another centrifugation (100,000 ϫ g/h) the supernatant was saved and stored at Ϫ70ЊC. SDS-PAGE was performed as described (50) using 5% polyacrylamide mini gels. Fractionated proteins were transferred to nitrocellulose using a tank transfer system with transfer buffer (25 mM Tris, 192 mM glycine, 20% ethanol [v/v]), as described previously (51) . The blots were blocked with 5% nonfat dry milk in TBS/ 0.01% sodium azide for 1 h. Polyclonal antibodies to GluR1(A) (0.5 g/ ml; Upstate Biotechnology, Lake Placid, NY) and GluR2(B) (0.5 g/ ml; Chemicon International, Inc., Temecula, CA) were applied overnight at 4ЊC. Tissue homogenate samples with equal protein concentrations (as determined by Lowry et al [52] and inspection of the Coomassie [Sigma] blue-stained acrylamide gel), were run on the same gel and transferred to nitrocellulose membranes (transfer was checked with Ponceau red, Sigma) from control and experimental groups. The immunoblots were probed for excess antibody to quantify values for GluR1(A) and GluR2(B) antigens. For detection, a chemiluminescent assay (alkaline phosphatase-conjugated goat-anti rabbit IgG and Immun-Lite II detection system, Bio-Rad, Hercules, CA) was used. Blots were exposed to X-ray film. To quantify GluR1(A) and GluR2(B) protein levels, the optical density values of the bands were quantified by computer densitometry (NIH Image 1.61 image software) to estimate the amount of receptor subunit protein in the plasma membrane. Mean optical band densities were statistically analyzed with the Student unpaired t-test.
Immunohistochemistry
Vibratome immunohistochemistry with subunit specific polyclonal antibodies directed against GluR1(A) and GluR2(B) receptor subunits and NMDA (Chemicon International, Inc.) was carried out in vibratome sections (40 m) from control (n ϭ 14) and experimental rats at 12 h (n ϭ 11), 16 h (n ϭ 9), 24 h (n ϭ 3), and 144 h (n ϭ 4), as previously described (13) . GluR1(A) polyclonal antisera were previously characterized (53) . The monoclonal GluR2(B), 6C4, was also used in parallel sections, donated from John Morrison's laboratory, Mt. Sinai Medical Center (New York, NY). 6C4 is highly specific for GluR2(B) and does not recognize or cross-react with any other AMPA or GluR subunit, as confirmed by Western blot analysis and immunocytochemistry of transiently transfected human embryonic kidney 293 cells (54) . Rats were deeply anesthetized with pentobarbital sodium (100 mg/kg iv.) then transcardially perfused with 4% PFA after antisense or control microinfusions and at 16 h and 144 h following KA status epilepticus. The sections were collected in wells containing cold PBS and processed for immunohistochemistry using the following primary antibodies: anti-GluR1(A) (1:100), anti-GluR2(B) (1:200), NR1 (1:100), and NR2A/B (1:200). Prior to application of primary antibodies, floating sections were washed in PBS (twice) then incubated with 1% H 2 0 2 for 15 min to quench endogenous peroxidase activity. Sections were then washed (4 ϫ 10 min each) and placed directly into primary solution for 48 to 72 h at 4ЊC. Tissue sections were washed (3 ϫ 10 min each) in PBS to remove unbound primary antibodies. Secondary biotinylated goat anti-mouse or anti-rabbit IgG (H ϩ L, diluted 1:200; Vector Laboratories, Burlingame, CA) were added for 2 h at 25ЊC. After 3 washes, ABC solution (Vector Laboratories) was added for 1 h. For visualization, the sections were reacted with the chromogen, 3Ј, 3-diaminobenzidine tetrahydrochloride (DAB: 10 mg/20 ml and 6 l hydrogen peroxide). Tissue sections were then washed, mounted, dehydrated, cleared, and coverslipped. Adjacent sections were stained with thionin or hematoxylin and eosin. A densitometric analysis of immunohistochemistry was carried out using NIH image software. Gray scale values were statistically compared with the contralateral hemisphere for each group (Student paired t-test, p Ͻ 0.05).
Controls
To assess immunohistochemical signal specificity, additional sections were incubated with 1) PBS, followed by goat antirabbit or horse anti-mouse secondary antibody; 2) preimmune mouse or rabbit serum at the same dilution as the primary antibody; or 3) primary antibody, to which had been preabsorbed with the peptide antigen, followed by secondary antibody. All control conditions gave no specific labeling.
Statistical Analysis
Significant differences between control and experimental groups were determined by 2-tailed Student t-test. For multiple comparisons, 2-way ANOVA followed by Fisher Least Square Protection tests were used. Significance was set at p Ͻ 0.05.
RESULTS
EEG Activity in Adults following GluR2(B) Knockdown in Presence and Absence of KA
Electrographic baseline recordings were obtained to monitor hippocampal activity unilaterally after GluR2(B) knockdown and after KA. Because seizure behavior and EEG activity are often not correlated, seizure onset was determined both by EEG and recording convulsive behavior. GluR2(B) AS-ODN-treated and control S-ODN-infused rats had normal asynchronous activity in the EEG. After KA, the EEG revealed classical biphasic, high-frequency spikes within 5 to 10 min, although behavioral manifestations were delayed and typically appeared approximately 45 to 60 min after KA was injected (35, 55, 56) . Latency to first appearance of single spikes or behavioral onset of seizures was unaffected by the GluR2(B) knockdown procedure (spike onset for S-ODN: 7.04 Ϯ 1.5 min Ϯ vs AS-ODN 5.5 Ϯ 1.43; behavior onset for S-ODN: 48.5 Ϯ 2.25 vs AS-ODN: 44 Ϯ 3.4, n ϭ 9). The mean duration of high-frequency rhythmic events was not significantly altered after knockdown (duration of synchronous activity in seconds per event at 1 to 1. of NBQX (20 mg/kg, n ϭ 5). Recordings were continued for an additional 1.5 h. Thirty minutes following the intravenous NBQX injection, high-rhythmical spike activity appeared similar in all groups exposed to the AMPA/KA antagonist. After 60 min, high synchronous events persisted after NBQX, but there was a trend for the mean duration of these rhythmic events to decrease relative to the GluR2(B) AS-ODN group (duration of synchronous activity in seconds per event at 2 to 2.5 h: S-ODN: 86 Ϯ 13 s, n ϭ 4; for AS-ODN 135.8 Ϯ 29, n ϭ 5; for NBQX: 64.5 Ϯ 7.3, n ϭ 4, pairwise comparison 2AS vs NBQX p ϭ 0.07). Paroxysmal activity remained relatively steady for the duration of the recording period. Seizure behavior continued after completion of EEG recordings for several hours under all conditions. Unilateral augmentation of CA3 hippocampal neurodegeneration occurs after GluR2(B) knockdown. Histological examination of the dorsal hippocampus at several levels was performed with Nissl, chromatin, silver, and TUNEL stains after unilateral GluR2(B) knockdown, in the presence and absence of KA seizures, at times before and after typical cell loss is observed. Without inducing KA seizures, intrahippocampal GluR2(B) AS-ODN infusions had no apparent effect on morphology or cell loss in the ipsilateral hippocampus under light microscopy relative to S-or MS-ODN-infused controls at the 2 GluR2(B) AS-ODN concentrations used and after 6 days of recovery. At 8 h after KA seizures, silver impregnation and Nissl stains showed that the contralateral hemisphere and S-or MS-ODN controls had little or no silver deposits in CA1-CA3 pyramidal cells, consistent with previous histological findings after KA alone (13, 14, 57) (Fig. 1A) . In contrast, after GluR2(B) knockdown and 8 h, silver impregnation and hematoxylin and eosin stains revealed acute ipsilateral eosinophilia of the CA3a-b region distant from the infusion site that was already pronounced ( Fig. 1B; Table 1 ). At 12 h, CA3a pyramidal cell somata and dendrites became filled with silver grains and the labeling was similar to the 8 h-time point. At 16 h, in approximately half of the animals, thionin staining revealed premature lesions in the ipsilateral CA3a-b areas distal to the infusion site ( Fig. 2A, B) . Much more subtle CA3 lesions were observed in S-ODN controls or contralateral hippocampus.
At 24 h, when partial damage to the CA3 (but not CA1) is typically observed after KA (10, 13, 57) , the ipsilateral effect produced by GluR2(B) knockdown was pronounced ( Fig. 2A, panel C) . In 4 of 6 GluR2(B) AS-ODN-treated animals, ipsilateral CA3a-c neurons were absent. The other 2 cases had silver-stained neurons throughout the ipsilateral CA3 that were more intense and extensive than the 16 h time point. The CA1 was still relatively spared at both of these later times, although background silver grains were observed in and around CA1 neurons just near the infusion site of control and experimental animals (Figs. 1, 2) . Ipsilateral plus contralateral lesion length was averaged to express each subregion as a percent of total damage per animal (Fig. 2B) . Little or no argyrophilia/eosinophilia was detected in the dentate gyrus at 16 to 24 h, however, numerous granule cell nuclei of the dentate gyrus labeled at the earlier times (8-12 h) (see below). The damage after GluR2(B) knockdown was more extensive and less variable than KA-only-treated rats killed after 48 h or 144 h, that is, portions of the CA3 were always preserved ( Fig. 2A [panels D-E] and 2C) . Therefore, at 8, 12 or 16 h after GluR2(B) knockdown and KA-induced status epilepticus, CA3 cell loss was preferential, marked and accelerated, predominantly in the CA3a-b areas distant from the infusion site and further accentuated at 24 h. However, it should be noted that similar CA3 damage determined by the silver stain appeared bilaterally in 1 severe AS-ODN case at 16 h. At 144 h, knockdown animals showed that the CA3 was preferentially lacking neurons, however, by this time, 2 of 6 knockdown animals, 3 of 5 sense animals, and 2 of 5 KA-only animals had bilateral CA1 injury. In contrast, in sense ϩ KA, PBS ϩ KA, and KA-only groups, there was little damage detected by Nissl staining at early time points and the amount of silver impregnated neurons affected was similar in both hippocampi, having a bilateral effect at the later times examined ( Fig. 2A [panel E] and 2C). Therefore, there were significant increases in CA3 lesion length (mm) after knockdown and KA (measured at 6 hippocampal levels per animal from Nissl-stained sections and averaged with respect to the CA1 and the contralateral side) ( Fig. 2; Table 1 ).
To determine whether features of apoptosis could be detected early or later, well after the animals recover from their seizures but before occurrence of synaptic reorganization and the antisense infusions wear off, TU-NEL staining was carried out at 12 and 144 h. At 12 h after GluR2(B) knockdown and KA, 2 types of stained nuclei were revealed. They were either round and uniformly labeled (signs of necrosis), or they had clumping or speckled deposits of DNA along the edges of the nuclei (signs of apoptosis) (Fig. 3) . TUNEL-positive cells were preferentially found in the CA3 of S-ODNand AS-ODN-treated groups distant from the infusion site and they were observed in the CA1 in sections just near the infusion site in both groups (Fig. 3) . Few or no cells with features of apoptosis were detected in S-ODN-treated animals (2.4%), whereas approximately 25% were counted (ϫ40 lens) in the CA3 of AS-ODNtreated animals (Fig. 4) . At 144 h after KA, TUNELpositive nuclei were detected in both S-ODN and AS-ODN-treated animals in CA3 and CA1 subregions of both ipsilateral and contralateral hemispheres (Fig. 4) . At this time the increased number of TUNEL-positive nuclei were not significantly higher than the sense controls, nor did they exhibit the apoptotic features observed at 12 h.
Cell counting analyses of the CA3a-c with the silver stain confirmed that the number of silver impregnated and TUNEL-positive cells in the ipsilateral CA3 expressed per mm was significantly higher relative to the CA1 or contralateral side of either treatment groups and relative to the 16 h time point of KA ϩ peripheral PBS (Fig. 2) . Cell counting also showed that the number of injured CA3 neurons in the S-or MS-ODN plus KAtreated groups was not significantly different from the contralateral side or from the KA alone (Fig. 2) or KA ϩ PBS (not illustrated) groups. Consequently, the ratio of silver impregnated cells with respect to the contralateral side was significantly lower ipsilaterally in GluR2(B) AS-ODN animals when compared to S-ODN ϩ KA or KA control groups. Although there was a significant increase in the number of injured CA3 neurons relative to their ipsilateral CA1, this number never exceeded that of the ipsilateral CA3 area in AS-ODNtreated rats (Figs. 1, 4B ). Thus, there was an ipsilateral effect after knockdown as the CA3a subregion was predominantly injured at all times. Intravenous administration of a single low dose of NBQX (20 mg/kg) injected 1.5 h after onset to status epilepticus was insufficient to alter waveform characteristics or stop bursts of rhythmic activity in the EEG after knockdown plus KA within the first 30 to 60 min of NBQX injection. These data are consistent with kindling studies using similar or even higher doses of NBQX (58) . At 16 h after status epilepticus with GluR2(B) knockdown and NBQX injection, cell counting showed a neuroprotective effect. The total number of silver stained CA3 neurons after NBQX did not differ from total numbers in sense controls, nor from the 16 h time point of PBS-injected rats, or from the contralateral hemisphere (Fig. 4A) . The total number of silver labeled CA3 neurons ipsilaterally was Sϩ KA: 61.54 Ϯ 6.26 at 8 to 12 h; 2AS ϩ KA: 214 Ϯ 42 at 8 to 12 h, p Ͻ 0.001; NBQX: 35.3 Ϯ 9.04 at 16 h, n ϭ 5 to 6 animals per group. Therefore, delayed NBQX administration reduced the accelerated CA3 damage induced by the GluR2(B) antisense infusions at the 16 h time point in all animals tested, despite prolonged synchronous activity in the EEG. Within the dentate hilus, many large hilar interneurons, probably mossy cells, also aggregated silver grains bilaterally at 8 and 12 h in control and knockdown treatment groups (Fig. 5A, B) . In sense ϩKA controls, hilar cells had granular deposits scattered throughout the cytoplasm or just around the stained nuclei (Fig. 5C, D) . Within the granule cell layers, the number of silver impregnated granule cells of the sense ϩKA dentate gyrus was not significantly different from animals that had received the antisense treatment. However, after GluR2(B) knockdown, fewer cells within the hilus appeared to be labeled and the cell cytoplasm appeared to contain less silver grains (Fig. 5D) . Quantification of hilar-labeled cells showed that the reduction of silver stained hilar neurons was significant (Fig. 6) . The reduced number of silver labeled hilar neurons appeared to be due to advanced cell loss and not preservation.
GluR1(A)/GluR2(B) Ratio by In Situ Hybridization
Although AS-ODNs generally block translation and not transcription due to their binding affinity for the GluR2(B) 5Ј end mRNA, S-ODNs can act as a substrate for the RNase H enzyme, responsible for primer RNA synthesis (59) . Similar to a previous report where NR1 AS-ODN knockdown did not result in reduced mRNA expression (60) , in situ hybridization autoradiography and emulsion-dipping (not illustrated) showed that GluR1(A) and GluR2(B) mRNA levels were unaltered in surviving regions of the hippocampus following intrahippocampal infusion of GluR2(B) AS-ODNs at the 16 h time point examined (Fig. 7) . Densitometry measurements showed both transcripts were constant within the surviving regions of the CA1, CA3, and DG hippocampal subfields (CA1: 99 Ϯ 5%; CA3: 100.6 Ϯ 7%; DG: 101 Ϯ 6% contralateral corresponding regions, n ϭ 5). GluR1(A) (Fig. 5C ) and GluR2(B) (Fig. 5B ) mRNAs were depleted only within unspared parts of the CA3 that displayed obvious cell loss (30.5 Ϯ 8% and 25.2 Ϯ 7.5% of spared CA3, respectively). Light microscopy of emulsion-dipped sections counterstained with hematoxylin and eosin confirmed that the decreases were due to marked neurodegeneration of this region. In control sections, GluR1(A) and GluR2(B) mRNA expression was prominent and uniformly expressed throughout pyramidal and granule cell layers consistent with previous descriptions (10, 11, 29, 31) .
GluR1(A)/GluR2(B) Ratio by Western Blotting and Immunohistochemistry
Western blotting of membrane proteins from whole hippocampal slices of control and KA status epilepticus rats was performed at the 16 h time point to enable densitometric quantification of the GluR1(A):GluR2(B) protein ratio. Specificity was observed with Western blotting such that GluR2(B) but not GluR1(A) receptor protein was reduced ipsilaterally in absence of KA seizures and further reduced in the presence of KA (Fig. 8A) . The GluR1(A)/GluR2(B) protein ratio was calculated from film densities after chemiluminescence detection (NIH image software) and statistically compared with the contralateral side and S-ODN-infused animals ( Fig. 8A ; Table 2). It should be noted that previously reported decreases in GluR2(B) protein that were detected by blotting tissue from dissected CA3 preparations (13) were not detectable in whole slice preparations due to dilution effects of the other subregions that sustain GluR2(B) expression (i.e. CA1, portions of CA3 and DG). Therefore, the KA-only-treated group at the 16 h time point was considered as another control. In addition, the KA group at 16 h was similar to S-ODN-treated animals. Consequently, decreases in GluR2(B) protein were only detected in the Western blot from whole slices when GluR2(B) AS-ODNs were also administered.
Specificity of the GluR2(B) AS-ODN infusions was also detectable by immunohistochemistry with 4 different In the contralateral hemisphere, GluR1(A) immunolabeling was dense and uniform within soma, dendrites, and neuropil of CA1-CA3 neurons, whereas GluR2(B) immunolabeling was intense in the soma and weak in the neuropil (C). B: After GluR2(B) knockdown (vertical arrow), GluR1(A) immunoreactivity was relatively similar to the contralateral side. (D), In adjacent sections, GluR2(B) immunoreactivity was markedly reduced throughout the CA1-CA3 subregions such that an increase in the GluR1(A)/ GluR2(B) protein was achieved by the GluR2(B) AS-ODNs. antibodies directed against GluR1(A), GluR2(B), NR1, and NR2A/B glutamate receptor subunits (Figs. 8B, 9E,  F) . In controls and the contralateral hippocampus of 12 to 16 h rats, GluR1(A), GluR2(B), NR1, and NR2 immunolabeling was dense and uniform. In the absence of KA seizures, GluR2(B) knockdown produced a marked reduction in GluR2(B) protein throughout the ipsilateral hippocampus relative to the contralateral side and GluR1(A) protein was sustained in adjacent sections (Figs. 8B, 9A-C) . At 12 or 16 h after knockdown and KA, all 4 glutamate receptor proteins were decreased but only within the CA3 areas of cell injury. In contrast, GluR2(B) immunoreactivity was decreased throughout the spared and unspared regions of the hippocampus, however, the DG sustained higher levels than the CA1 or CA3 subfields ( Fig. 9E; Table 2 ). This was partially reversed in the presence of NBQX (not illustrated). Although GluR2(B) mRNA expression is upregulated in the dentate gyrus at 24 h (and only first detectable at 12 h) after KA alone (10, 13) , no apparent increases were noted in GluR2(B) immunoreactivity in the dentate gyrus at 16 or 24 h in the S-ODN plus KA or KA-only-treated groups. GluR1(A) protein levels were similar to that of the contralateral hippocampus at 12 h throughout the hippocampus but depleted in areas of CA3 cell loss at 16, 24, and 144 h (Fig. 9B, C) .
Densitometric analysis of the whole hippocampus at 16 h confirmed that the GluR2(B) subunit was reduced but the GluR1(A) subunit was not significantly different in signal intensity when normalized to the contralateral side (CH) or to S-ODN-infused controls (GluR1(A): 102 Ϯ 11% of CH, n ϭ 5 p ϭ 0.843 vs GluR2(B): 43.6 Ϯ 13.9% of CH, n ϭ 5, p ϭ 0.002). Decreases in NR1 subunit expression also occurred and extended beyond areas of injury or cell loss. At 12 h the CA3 showed decreases and CA1 levels were also reduced relative to the contralateral hippocampus (sense: CA1 90 Ϯ 5.2% and CA3 84.2 Ϯ 6.7% of control vs antisense: CA1 78 Ϯ 7.2% and CA3 48.2 Ϯ 5.6% of control, n ϭ 5, p Ͼ 0.01). In contrast, NR2A/B immunoreactivity was relatively stable and labeling was intense even in parts of CA3 that showed injury in adjacent sections processed with Nissl or TUNEL stains (Fig. 9) . At 144 h, GluR2(B) immunostaining continued to be less intense in CA1-CA2 subregions relative to the contralateral side, but the CA3 showed general depletion of GluR2(B) immunolabeling as did the other glutamate receptor proteins examined (Fig. 9C, F, O, L) . Interestingly, injured neurons within close proximity of the infusion site of the CA1 were shrunken and increased in GluR2(B) immunoreactivity, but decreased in GluR1(A) and NR1 immunoreactivity. NR2A/B labeling was most stable in all regions at all times so that the NR1:NR2 ratio was significantly reduced after knockdown relative to sense or KA only controls in both CA1 and CA3 subfields at the later time point ( (Fig. 9F, O) .
DISCUSSION
The present study demonstrated that transient increases in the GluR1(A)/GluR2(B) ratio by GluR2(B) antisense infusions were insufficient to alter electrographic activity or induce neuronal cell death. This is in contrast to the spontaneous paroxysmal activity and premature CA3 neurodegeneration observed in 18-day rat pups by the same procedure (25, 26) and to GluR2(B) editing-deficient seizure phenotype mutants that succumb to seizures during the 3rd postnatal week (27, 28) . In mature GluR2(B) knockout mutants spontaneous seizures or neurodegeneration do not occur (61) . Thus, it appears that the GluR2(B) subunit is not essential for maintaining normal brain activity or cell survival once animals have matured. However, when continuous epileptic seizures were also induced by KA in adults, antisense-treated animals showed enhanced ipsilateral CA3 damage relative to the contralateral side at times before robust CA3 or CA1 damage is typically observed. Early accumulations of silver ions or TUNEL-positive nuclei occurred predominantly in CA3a-b neurons consistent with a preferential sensitivity to damage at mossy fiber synapses. Although lesion extent increased over time in control KA-injected groups, controls had less CA3 damage and bilateral effects were similar during the early time course. Similarly, after 6 days of recovery, ipsilateral CA3 damage remained greater than the contralateral damage, whereas Values represent optical density measurements of Western blot chemiluminescence for GluR1(A) and GluR2(B) proteins that were run on the same gel. Gray scale values are shown for each lane (n ϭ 3 for all lanes, except n ϭ 2 for sense lanes). The GluR1(A)/GluR2(B) protein ratio is calculated (right column). The Kruskal-Wallis nonparametric rank test was used for statistical analysis, * p Ͻ 0.02. Fig. 9 . Immunohistochemistry of GluR1(A), GluR2(B) NR1 and NR2A/B receptor subunits after GluR2(B) hippocampal knockdown in the presence of KA at 12 to 16 h and 144 h after KA seizures. A: Labeling was intense and uniform in the contralateral hippocampus of antisense-treated rats with GluR1(A) (A), GluR2(B) (E), NR1 (G), and NR2A/B (J) antibodies. At 12 or 16 h after knockdown and KA, GluR1(A) was decreased mainly within the injured area of the CA3 (arrows), whereas decreases in NR1 were marked and more widespread throughout the CA3 (between arrows) and were also observed in the CA1. E: GluR2(B) protein was decreased throughout the hippocampus in a fairly uniform manner after knockdown, with the DG sustaining higher levels compared to pyramidal fields. (K), NR2A/B labeling was stable in CA1 and DG neurons and either decreased in parts of the CA3 (between right arrows) or increased within injured neurons (between left arrows). At 144 h, all 4 proteins were decreased throughout the injured CA3 subregions. GluR2(B) expression continued to be decreased in CA1 but to a lesser degree than that observed earlier; DG labeling was at control levels at this time. M: Control GluR2(B) immunolabeling of CA3a neurons is shown at ϫ400 magnification. N: Reduced GluR2(B) protein expression is shown in CA3a neurons at 16 h. O: Diminished GluR2(B) protein expression is shown in CA3a area at 144 h (at which time glia are labeled). P: Injured CA1 neurons within close proximity of the infusion site were shrunken and increased in GluR2(B) immunoreactivity, and decreased in GluR1(A) and NR1 immunoreactivity. concomitant CA1 damage was bilaterally similar, suggesting that the accelerated CA3 damage by prior shift the of the GluR1(A)/GluR2(B) ratio was an acute event and complete by 24 h.
The GluR2(B) hypothesis predicts that any principal neuron (e.g. CA1 or CA3 pyramidal cell types) that declines in GluR2(B) subunit expression will become increasingly vulnerable to glutamate toxicity (62) . However, the neurons affected were already the ones most vulnerable to KA seizures (21, 63) . Because all regions of the hippocampus were not similarly vulnerable after status epilepticus despite their loss of GluR2(B) subunit expression produced by the antisense pretreatment and exposure to KA seizures suggests that the GluR2(B) hypothesis may not be as operational as previously thought. In addition, in several severe cases, similar bilateral damage appeared irrespective of treatment, CA1 damage was not different between groups at any time point and the CA3 damage between treatment groups compared with the KA only group did not reach statistical significance at the later time point (6 days), suggesting that increased CA3 vulnerability by loss of GluR2(B) expression only affects the acute damage that may be overridden by intense seizure activity. Interestingly, after 6 days, GluR2(B) immunoreactivity was increased within injured CA1 neurons, particularly within close proximity of the infusion site, similar to findings reported after ischemic tolerance (64) and after KA administration in prepubescent rats (65) . Accordingly, Lihara et al (2001) recently showed that GluR2(B) knockout mice exhibit similar hippocampal damage in response to intrathecal or systemic KA at delayed times (2-7 days) when damage is near completion (66) . On the other hand, Oguro et al reported that 2 days of unilateral intraventricular injection of GluR2(B) AS-ODNs were sufficient to induce bilateral hippocampal cell death in CA1 and CA3 subregions in the absence of ischemia and at times after transient effects generated by AS-ODNs subside (67) . Another difference is that they illustrate timed suppression of GluR2(B) mRNA expression, although GluR2(B) AS-ODN application interferes with translation and generally not transcription unless the primer RNA is inhibited to a similar degree across all hippocampal cell types (68). Oguro et al also report full recovery of GluR2(B) mRNA and protein levels at times that do not correspond with the marked CA1 and CA3 cell loss. Finally, since their GluR2(B) AS-ODN were unlabeled, it is unclear how similar bilateral CA1 and CA3 cell death could occur without evidence that the unilateral infusion diffused and accumulated within the contralateral hippocampus.
A number of studies lack support for Ca 2ϩ permeable AMPA receptors in postischemic CA1 neurodegeneration due to nonselective loss of GluR2(B) expression after ischemia or altered Q/R site editing in this region (16, 19, 69, 70) . In addition, the temporal relationship between AMPA receptor subunit composition and excitotoxicity is incompatible with the long biological half-life (108-144 h) of the GluR2(B) subunit observed in control CA1 neurons or after a sub-lethal ischemic insult (292 h) (18) . Quantitative protein studies also do not support a subsequent switch in subunit composition of AMPA receptors in this model (18) . Moreover, in spinal cord injury models, quantitative measurements of relative Ca 2ϩ permeability of AMPA receptors in healthy motor neurons showed that all motor neurons have intermediate whole-cell Ca 2ϩ permeability, although these cells are vulnerable after injury (71) . Similarly, the relative abundance of GluR2(B) mRNA varied more in dorsal horn sensory neurons that are resistant to damage (71) . Accordingly, Jensen et al also recently showed that decreases of GluR2(B) expression were not associated with hippocampal damage following hypoxia-induced seizures in neonatal rats (72) . Thus, it appears that other intrinsic properties such as alterations in the ability of the GluR2(B) subunit to interact with certain cytoplasmic proteins (73, 74) or changes in intrinsic allosteric interactions (75) may be required to influence selective cell death rather than increases in Ca 2ϩ permeability via AMPA receptors.
It is known that apoptosis may be triggered in vulnerable regions following status epilepticus or ischemia (76) (77) (78) . In KA-only-treated animals, CA3 neurons identified with abnormal morphology at the ultrastructural level were found to be predominantly dying of cell necrosis, (14, 79) . In contrast, morphological findings as evidenced with the TUNEL stain after GluR2(B) knockdown suggest that perturbation of the GluR2(B)subunit prior to seizures may trigger caspases and subsequent DNA fragmentation within CA3 neurons. Because apoptotic mechanisms are also implicated in ischemic cell death of CA1 neurons (76) (77) (78) , but features of apoptosis were not observed in the CA1 after GluR2(B) knockdown, suggests that pyramidal neurons are differentially affected by seizures vs ischemia and that selective GluR2(B) deprivation within the hippocampal circuit may affect different intrahippocampal signaling pathways leading to cell death. In addition, the combined treatment of GluR2(B) AS-ODNs and KA also led to an increase in the NR1/ NR2 ratio in both CA1 and CA3 neurons, which may also lead to ion conductance and adaptive changes that may have either beneficial or nonbeneficial effects.
Another explanation as to why the CA3 but not CA1 damage was accelerated by acute GluR2(B) knockdown may be due to the expression of high density postsynaptic KA receptors concentrated at mossy fiber synapses and slow dissociation rate of KA (80) . Overstimulation of KA receptors generates highly synchronized activity via the dense network of recurrent glutamatergic collaterals that project to CA1 neurons to sustain epileptic discharges, in part through GluR6 containing receptors (81) . Since KA receptors have many of the same stoichiometric characteristics as AMPA receptors, it seems possible that Ca 2ϩ -permissive AMPA receptors may alter KA receptor function postsynaptically or presynaptically in order to preferentially influence the CA3 neuronal cell death. On the other hand, recent studies do not support altered action on KA receptors since no enhancement of KA toxicity was observed in cortical cultures derived from GluR2(B) knockouts (62) or from dissociated hippocampal cultures exposed to GluR2(B) AS-ODNs and KA despite selective rises in AMPA receptor-stimulated Ca 2ϩ permeability in the presence of agonist (82) . In addition, others have shown that high doses of NBQX protect against delayed neurotoxicity resulting from direct intrahippocampal infusions of KA but not AMPA, suggesting different mechanisms of action exist for these related excitotoxins (83, 84) . In contrast, NBQX did not prevent GluR2(B) downregulation associated with the vulnerable CA1 region after global ischemia (85) , even though neuroprotection is afforded in this region when antagonist administration is delayed (86) (87) (88) . The opposite effects that NBQX have on GluR2(B) mRNA or protein expression following ischemia compared with GluR2(B) knockdown plus KA seizures further suggest that neuroprotection by NBQX likely occurs independently of altered subunit composition of AMPA receptors.
The GluR2(B) knockdown procedure resulted in a relatively uniform decrease in protein throughout the ipsilateral hippocampus. This is different from the nonuniform downregulation of GluR2(B) protein that occurs within a subset of CA3 neurons at acute times after status epilepticus (in the absence of GluR2(B) AS-ODNs) (13) . Sustained levels of GluR2(B) or small increases observed in the dentate gyrus after KA alone (10, 12, 89) are expected to have had a ceiling effect in the Western blots. Therefore, reductions of GluR2(B) protein in the KAonly-treated group were not detected in whole slice preparations used due to dilution effects of the other stable regions, including parts of the CA3. The large decreases in GluR2(B) immunolabeling within brain sections is unlikely to be due to an artifact of the particular antibody used since 3 specific GluR2(B) antibodies revealed the same downregulation, suggesting receptor turnover of the GluR2(B) subunit, as compared with the GluR1(A) antibody, is less efficient relative to the other AMPA subunits. Moreover, in a few adults (unpublished observations) and in 2-week rat pups infused with GluR1(A), AS-ODNs had decreased GluR1(A) protein expression without effect on pathology or epileptogenesis (26) .
In conclusion, GluR2(B) knockdown approaches taken in adult rats do not support a role for AMPA receptormediated increases in Ca 2ϩ permeability as being directly responsible for cell death for 4 main reasons: 1) hippocampal deprivation of GluR2(B) subunits does not trigger cell death by itself; 2) GluR2(B) knockdown only affects the acute course of CA3 cell death; 3) the ultimate pattern of seizure-induced damage is unaltered despite large and uniform decreases in GluR2(B) subunit expression throughout the hippocampus and lack of increased glutamate toxicity in all cell types; and 4) at later times, generalized decreases in glutamate receptor proteins occur in both CA1 and CA3 subfields with increases in GluR2(B) protein in CA1 injured neurons. It is postulated that other intrinsic properties such as increased Na ϩ conductance, reduced ability of the GluR2(B) subunit to interact with certain cytoplasmic protein, or changes in allosteric interactions that affect other receptor classes (e.g. KA receptor) may be responsible for the augmented cell death rather than changes in AMPA receptor-mediated Ca 2ϩ permeability. Latent GluR2(B) increases in CA1-injured neurons support a role for AMPA receptor subunit alterations in seizure-induced tolerance.
